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Available online 13 February 2016Traditionally, regional assessment of seismic slope stability has been done using the inﬁnite slope-rigid sliding
block analysis. A major disadvantage of this approach is the resulting overestimation of the critical acceleration
of the slope due to the underlying assumption of a predeﬁned slope failure plane, and consequently the under-
estimation of hazard areas prone to sliding. In this paper, we present a modiﬁed approach for assessing seismic
slope instabilities using a model based on limit equilibrium analysis and circular slip surfaces with no restriction
to any predeﬁned slope failure plane. For this purpose, we conduct a parametric study to identify the relationship
between the critical acceleration of the slope, the slope angle, and the slope shear strength parameters.Wemodel
typical slopes in the Rocscience software SLIDE using Bishop's limit equilibriummethod to identify the critical ac-
celerations that corresponds to a failure plane with factor of safety equal to one. The critical accelerations were
plotted against the variables in the parametric study and the best ﬁt equations were obtained. The proposed ap-
proach was developed for global application but it was tested using the well-documented co-seismic landslide
database of the 1994 Northridge, CA earthquake. The predicted sliding areas were compared to the inventory
of landslides that were triggered in the Val Verde region in Los Angeles by the earthquake. Qualitative and quan-
titative assessments of the proposed model clearly show its advantages in predicting potential sliding areas.
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Earthquakes are among themost destructive of all geologic hazards.
In addition to causing shaking-induced damage to buildings and infra-
structure systems, earthquakes are associatedwith a range of secondary
effects, including the initiation of landslides. These earthquake-induced,
or co-seismic landslides can extend across thousands of square kilome-
ters and result in both human and capital losses (Evans et al., 2009;
Shou et al., 2011; Collins et al., 2012; Alfaro et al., 2012; Xu et al.,
2014; Has and Nozaki, 2014; Tang et al., 2015; Delgado et al., 2015;
among others). Recent examples include the 2013 Mw 6.6 Lushan,
China earthquake (Xu et al., 2014, 2015), the 2011 Mw 9.0 Tohoku,
Japan earthquake (Wartman et al., 2013; Wang et al., 2014), and the
2008 Mw 7.8 Wenchuan, China earthquake (Dai et al., 2011; Tang
et al., 2011; Huang and Li, 2014; Wang et al., 2014; Zhang et al.,
2014), each of which triggered many thousands of landslides across
tens of thousands of km2. It is estimated that between September
1968 and June 2008, co-seismic landslides were responsible for over
70,000 casualties (Marano et al., 2010).
As a regional-scale phenomenon, co-seismic landslide potential is
traditionally assessed within a Geographic Information Systems (GIS)-Jaoude).framework (e.g. Jibson et al., 2000; Khazai and Sitar, 2000; McCrink,
2001; Jibson, 2007; Jibson, 2011; Dreyfus et al., 2013). Most GIS-based
assessments adopt Newmark's (1965) sliding block model to estimate
earthquake-induced permanent displacements. For regional-scale as-
sessments, regression models are often used to estimate sliding block
displacements in lieu of site-speciﬁc time-history analyses (e.g. Wilson
and Keefer, 1985; Romeo, 2000; Bray and Travasarou, 2007; Jibson,
2007; Saygili and Rathje, 2008). To conduct a sliding block analysis,
one must ﬁrst compute the yield or critical acceleration (ac) of a slope
(Newmark, 1965). This is conventionally done bymodeling slopes as in-
ﬁnitely long planes (i.e., the inﬁnite slope assumption, e.g. Duncan et al.,
2014). However, earthquake reconnaissance studies reveal a wide
range of earthquake-induced landslide styles occurring in both soil
and rock units. For example, Keefer (1984) identiﬁed fourteen types of
landslides in a study of 40 earthquakes and grouped these into three
major categories: disrupted falls, coherent slides and lateral spreads.
Disrupted falls, such as rock slides, detach from steep slopes, are gener-
ally shallow, and constitute a signiﬁcantmajority of observed landslides.
In contrast, coherent slides are deep, near-circular failure surfaces that
mainly occur on moderate slopes. Lateral spreads involve ﬂuid-like
ﬂow and move on gentle slopes (Wilson and Keefer, 1985; Wartman
et al., 2013). This suggests that the inﬁnite slope assumption may be
an oversimpliﬁcation in many settings.
Fig. 1. Geometrically uniﬁed simple slope model used in SLIDE.
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seismic landslide hazards using regressed values of limit equilibrium-
derived estimates of ac based on Bishop's (1955) method. Bishop's
(1955) limit equilibrium model for circular slip surfaces has been
shown by Loukidis et al. (2003) and Li et al. (2008), among others, to
provide reasonably good results when compared to more rigorous nu-
merical upper and lower bound solutions for a range of slope inclina-
tions and material strength conditions. Loukidis et al. (2003) and Li
et al., (2009; 2010; 2011) developed simpliﬁed solutions to assess the
seismic stability of soil and rock slopes using the Mohr–Coulomb (MC)
failure criterion and the 2002 generalized Hoek–Brown (HB) failure
criterion, respectively. The MC criterion has been widely used in geo-
technical engineering for modeling both cohesionless and cohesive
soil material, while the HB criterion is often used for modeling the
strength of a wide range of rock masses (Marinos et al., 2005, Marinos
and Hoek, 2000) [in this work we do not consider materials that loose
signiﬁcant strength during earthquake shaking, such as liqueﬁable
soils that may fail in lateral spreading]. We develop generalized equa-
tions for ac based on a parametric assessment that considers material
strength and slope inclination as variables. A plane strain slope model
implemented in the Rocscience code SLIDE (Version 6.0) was used to
conduct simulations of slopes inclined between 15° and 70°. General
equations for ac of a slope and for a set of strength parameterswere gen-
erated in a two-step regression analysis. An advantage of this approach
is that it is based on the limit equilibrium analysis of a generalized slope
geometry. Having equations proposed for two yield criteria enhances
the methods versatility and allows the user to deﬁne the strength
parameters of a geologic unit using the most appropriate strength
criteria.
We apply our approach to a region affected by landsliding during the
1994 Northridge, CA earthquake, and compare the results with the
well-documented inventory of landslides from this event (Harp and
Jibson, 1995, 1996). We also contrast the predictions of our modiﬁed
approach with those obtained from a traditional inﬁnite slope-based
analysis.
2. Seismic slope stability model
2.1. Use of the conventional pseudo-static approach
Conventional pseudo-static analyses of slopes represent the tran-
sient, dynamic destabilizing earthquake inertial forces as static forces
applied to a limit equilibrium model. This widely used approach sim-
pliﬁes earthquake ground-motion to simple horizontal and vertical
seismic coefﬁcients, kh and kv, respectively (Kramer, 1996; Khazai and
Sitar, 2000; Loukidis et al., 2003; Li et al., 2009). These coefﬁcients rep-
resent the ratio of the acceleration of the slope to the acceleration of
gravity (g). The vertical coefﬁcient kv is commonly neglected when
assessing slope displacement (Kramer, 1996; Kim and Sitar, 2004;
Jibson, 2011). In this study, seismic slope stability is assessed using
the critical horizontal seismic coefﬁcient kc, a value that corresponds
to a factor of safety of the slope equal to unity under seismic loading.
When the critical value is approached, the factor of safety drops below
1 and earthquake-induced sliding occurs. We will hereinafter refer
only to the critical acceleration, ac, which corresponds to the critical
horizontal seismic coefﬁcient (kc) multiplied by the acceleration of
gravity (g).
2.2. Use of Bishop's (1955) simpliﬁed limit equilibrium method
Variousmethodologies, such as the limit equilibrium, ﬁnite element,
and limit analysis methods, have been adopted in order to calculate the
ac of a slope (Loukidis et al., 2003; Li et al., 2009; Jibson, 2011). Limit
equilibrium methods provide a reasonable estimation of the factor of
safety with minimal computational cost (Duncan, 1996; Loukidis et al.,
2003; Li et al., 2009). We adopted Bishop's (1955) simpliﬁed methodas it has been shown to produce results that generally lie within the nu-
merical upper and lower bound solutions, with modest analysis effort
(Loukidis et al., 2003; Li et al., 2008).
2.3. Applicability of the Mohr–Coulomb and the generalized Hoek–Brown
failure criteria
The MC linear failure criterion is widely used in geotechnical engi-
neering applications and is mostly suitable for soil-like material.
Model parameters (i.e., cohesion and friction angle) may be obtained
from standard laboratory strength tests, assumed based on experience,
or in some cases back-calculated fromawell-characterized slope failure.
The generalized HB criterion is a non-linear criterion that is commonly
used to estimate the strength of rock masses. It is based on the Geolog-
ical Strength Index (GSI) classiﬁcation system, which relies on an engi-
neering geology description of a rock mass. The GSI index is estimated
from visual examination of the rock mass exposed in outcrops. It is
used in conjunction with appropriate values of the rock-type constant
mi and the unconﬁned uniaxial compressive strength σci. Once a GSI
index is determined, a set of empirically developed equations are used
to estimate the rock-mass properties. Hoek et al. (2002) present the
most recent update on these empirical equations and discuss how one
can estimate equivalent MC strength parameters for the rock-mass
properties. Marinos et al. (2005) discuss in further detail the applicabil-
ity of the GSI classiﬁcation system in a wide range of soft to hard and
even heterogeneous rock masses.
The use of these two failure criteria is based on the work of Loukidis
et al. (2003) and Li et al. (2008), who found that theMC criterion result-
ed in good agreement between the limit analysis and limit equilibrium
solutions for soil slopes less than 45°, but thatMCparameters can signif-
icantly overestimate the factors of safety for steep slopes when com-
pared to the numerically bounded solution. The overestimation is
greatest for slopes steeper than 45° (16.8% for 60° slopes and 34.3% for
75° slopes, on average). Li et al. (2008) also found that when the HB fail-
ure criterionwas used for steep slopes, the resultswere signiﬁcantly im-
proved when compared with the limit analysis output (maximum
overestimation of 4% in extreme cases of very strong material at a
slope inclination of 75°). Li et al. (2008) proposed a series of equations
to estimate the equivalent MC parameters for two slope categories;
slopes less than 45° and slopes greater than or equal to 45°.
The MC and the HB failure criteria were used in this study to repre-
sent soil and rockmaterials encountered across regional-scales. It is im-
portant to note, however, that the applicability of the proposed
approach in this study is subject to the same limitations that underpin
both the MC and the HB criteria. The equations derived by Li et al.
(2008) will be used, when needed, to calculate the equivalent parame-
ters for a particular set of material strengths.
2.4. Proposed model
A simple generic slope model with ﬁxed dimensional parameters
(Height H = 30 m and a unit weight γ = 23 kN/m3) served as the
basis for the parametric study (Fig. 1). To ensure broad applicability,
the equations of ac were normalized with respect to the term γH. The
practice of normalizing with respect to γHhas been discussed by
Table 2
Variation of parameters for HB model.
GSI mi σci (MPa) β(deg)
20 5,10,15,20,25 0.5,1,2,5,10,20,25,30 45,50,60,70
30 5,10,15,20,25 0.5,1,2,5,10,20,25,30 45,50,60,70
40 5,10,15,20,25 0.5,1,2,5,10,20,25,30 45,50,60,70
50 5,10,15,20,25 0.5,1,2,5,10,20,25,30 45,50,60,70
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2011). Loukidis et al. (2003) showed that the critical acceleration de-
creases as the distance to the hard layer increases (up to 3 times the
slope height) for models based on the MC criterion. Accordingly, in
order to get the lowest value of critical acceleration, the depth to the
hard layer (DH) for the uniﬁed model was set equal to 100 m (greater
than 3H) throughout the study. The lateral boundaries of the model
were extended far away from the slope face to eliminate any effect on
the slope shear zone. The bottom boundary of the model, which repre-
sents the hard layer, was considered ﬁxed. Slip circles were generated
using the grid search option. A search grid of 150 × 150 m was used
for slope models associated with the MC failure criterion and a grid of
45 × 45mwas used for themodels associated with the HB failure crite-
rion, yielding about 4800 slip circles for each slope model.
3. Parametric study
3.1. Inﬂuencing parameters
The twomain inﬂuencing parameters in a slope stability analysis are
the slope gradient and the material strength. The slope gradient, identi-
ﬁed as themost signiﬁcant cause of landsliding (Ayalew and Yamagishi,
2005), is considered an important factor in landslide susceptibilitymap-
ping, particularly in a GIS framework (Guzzetti et al., 1999; Lee andMin,
2001; Dai and Lee, 2002; and Ohlmacher and Davis, 2003). The shear
strength of the material also has an impact on slope stability and can
greatly inﬂuence the value of ac. To cover a broad range of slope geom-
etries and materials, we selected a wide range of strength parameters
for the slope models using both the MC and HB failure criteria.
Slope angles ranged from 15° to 50° with 5° increments, and from
50° to 70° with increments of 10°. Having discussed earlier that the
MC failure criteria only provides reliable results for slopes less than
45° (Li et al., 2008), wemodeled these slopes using only theMC criteria.
We selected cohesion values between 20 and 100 kPa with increments
of 20 kPa and friction angles from 25° to 50° with 5° increments. Slopes
greater than 45°weremodeled using theHB failure criteria.We selected
GSI values from 20 to 50 with increments of 10, the rock-type constant
mi from 5 to 25 with increments of 5, and the unconﬁned compressive
strength σci between 0.5 and 30 MPa. We set the disturbance factor D
to zero, which is consistent with undisturbed in-situ rock masses.
Tables 1 and 2 summarize the combinations of strength parameters
and slope angles that were assessed under each failure criterion.
3.2. Results
A SLIDE model was constructed for each of the combinations de-
scribed in Section 3.1. For each model, a value of the seismic loading
was initially selected and iterations were made to obtain the ac corre-
sponding to a factor of safety of one. The values of ac along with the
mode of failure for each of the combinations of strength parameters
and slope angles were recorded in a database. In general, for both MC
and HBmodels, an increase in the slope angle β led to shallower failure
surfaces.
For slopes less than 45°, shallow toe circles were observed at low
values of cohesion c. The radii of the slip surfaces increased progressive-
ly with the increase in cohesion and deep base circles were observed forTable 1
Variation of parameters for MC model.
c (kPa) ϕ (deg) β(deg)
20 25,30,35,40,45,50 15,20,25,30,35,40,45
40 25,30,35,40,45,50 15,20,25,30,35,40,45
60 25,30,35,40,45,50 15,20,25,30,35,40,45
80 25,30,35,40,45,50 15,20,25,30,35,40,45
100 25,30,35,40,45,50 15,20,25,30,35,40,45high values of c. Fig. 2 shows an example of results for slopes with a co-
hesion equal to 20 kPa and friction angle ϕ of 33° at slope inclinations β
between 30° and 50°.
For slopes greater than 45°, all slip surfaces were shallow edge fail-
ures, similar to those shown in Fig. 3. Deep circular failureswere not ob-
served, which is consistent with observations reported in the literature
(e.g. shallow edge failures detach from steep slopeswhereas deep circu-
lar failures are observed on moderate slopes, as discussed in Keefer,
1984; Wilson and Keefer, 1985; Li et al., 2009; Wartman et al., 2013).
The estimated critical accelerations from the SLIDE models were
checked against the theoretical limiting values for pseudo-static slope
stability problems. The limiting value is deﬁned as the acceleration
needed for the entire depth to bedrock to slide (Loukidis et al., 2003).
It is obtained when the shear strength at the soil–bedrock interface is
equal to the stress induced by the horizontal inertial force at that
same level. The maximum value of critical acceleration is thus
constrained to this theoretical limit. Further details on this calculation
procedure are found in Loukidis et al. (2003).
3.3. Regression equations
The results of the parametric study served as the basis for functional
regression equations. First, values of ac were ﬁrst checked against the
theoretical limiting seismic acceleration ac,lim and limiting value was
assigned to cases of ac N ac,lim. Then, the values of acwere plotted against
a combination of independent variables to deﬁne the best ﬁtting equa-
tions. An adjusted value of the coefﬁcient of determination R(Ayalew
and Yamagishi, 2005) was computed for each equation based on Theil
(1961). The highest values of adjusted R (Ayalew and Yamagishi,
2005) indicate that an ideal combination of independent variables was
achieved. The relationships between ac and the independent variables
were derived for the two categories of slope ranges (less than 45° and
greater than 45°) and the corresponding failure criteria (MC and HB).
For slopes less than 45° and the MC criteria, the variables were the
slope angle β, the cohesion c, and the friction angle ϕ. The results
were sorted by friction angle. The critical acceleration values for these
cases, ac(MC), were plotted against the non-dimensional term of cohe-
sion (c/γH) for every friction angle and ﬁtted into linear functions of
the form:
ac MCð Þ ¼ C1 MCð Þ cγHþ C2 MCð Þ ð1Þ
Fig. 4 shows the data for a friction angle of 33°. Similar plots were
generated for each friction angle between 25° and 50° in increments
of 5°. The coefﬁcients C1(MC) and C2(MC) of the proposed equation varied
in function of the slope angle β. In order to obtain a general equation for
ac(MC), the values of the coefﬁcients C1(MC) and C2(MC) were plotted
against different functions of β as shown in Fig. 5. The best ﬁt equations
for coefﬁcients C1(MC) and C2(MC) were logarithmic functions as listed in
Table 3 for all the friction angles that were considered in this study. For
any other friction angle, the coefﬁcients C1(MC) and C2(MC) can be found
by interpolation. The adjusted coefﬁcient of determination R (Ayalew
and Yamagishi, 2005) adjusted was above 0.91 for any combination. Fig.
6 shows that the predictions of ac(MC) using Eq. (1) are in very good
agreement with the corresponding values obtained from the SLIDE
Fig. 2. SLIDE outputs for a friction angle of 33° and cohesion of 20 kPa at varying slope inclinations.
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ship is almost one to one: ac ,SLIDE=1.0262ac ,(MC)−0.0207.
For slopes greater than 45° and the HB criteria, the variables were
the geological strength index GSI, the material constantmi, the uncon-
ﬁned compressive strength σci, and the slope angle β. The results of
the parametric study were sorted for a combination of GSI − mi. The
values of ac(HB), in these cases, were plotted against the non-
dimensional term of the unconﬁned compressive strength for everyFig. 3. SLIDE outputs for GSI = 20 and mi = 5 for varying slope inclinGSI− mi combination and ﬁtted into functions of the form:
ac HBð Þ ¼ C1 HBð Þ ln σ ciγH
 
þ C2 HBð Þ: ð2Þ
Fig. 7 shows the data for a GSI of 20 andmi of 25. Similar plots were
generated for each GSI between 20 and 50with increments of 10 andmi
between 5 and 25 with increments of 5. The coefﬁcients C1(HB) and
C2(HB) of the proposed equation varied in function of the slope angleations. Slope inclinations above 50° are not stable at σci of 5 MPa.
Fig. 4. Example graph of the critical acceleration data plotted against cγHfor a friction angle
of 33° and variable β.
Table 3
List of equations for coefﬁcients C1(MC) and C2(MC) (β b 45°).
ϕ (deg) Coefﬁcient C1(MC) Coefﬁcient C2(MC) Radjusted2
25 1:3228lnðtanβtanϕÞ þ 2:9007 −0.306ln(tanβ)−0.135 0.9113
30 1:2843lnðtanβtanϕÞ þ 3:2438 −0.321ln(tanβ)−0.0582 0.9394
35 1:3716lnðtanβtanϕÞ þ 3:5366 −0.352ln(tanβ)+0.0125 0.9558
40 1:1993lnðtanβtanϕÞ þ 3:7779 −0.359ln(tanβ)+0.1066 0.9503
45 1:0874lnðtanβtanϕÞ þ 3:9544 −0.392ln(tanβ)+0.1754 0.9656
50 0:9585lnðtanβtanϕÞ þ 4:0927 −0.423ln(tanβ)+0.2559 0.9730
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ﬁcients C1(HB) and C2(HB) were plotted againsttanβas shown in Fig. 8.
The best ﬁt equations for coefﬁcients C1(HB) and C2(HB) were quadratic
functions as listed in Table 4 for all GSI − mi combinations. For anyFig. 5. Example graphs for coefﬁcients C1(MC) and C2(MC) for a friction angle of 33°.other combination, the coefﬁcients C1(HB) and C2(HB) can be found by in-
terpolation. The adjusted coefﬁcient of determination R (Ayalew and
Yamagishi, 2005) adjusted for any combination was higher than 0.91.
Fig. 9 shows that the predictions of ac(HB) using Eq. (2) are in very
good agreement with the corresponding values obtained from the
SLIDE simulations for a GSI of 20, mi of 5, σci of 5 MPa and a variable
β . Again, the relationship is very close to 1:1.
The predictions of the critical acceleration based on Eqs. (1) and (2)
were also compared to the critical accelerations obtained from an inﬁ-
nite slope-rigid block calculation. The inﬁnite slope approach factor of
safety was calculated as:
FS ¼ c
γt sin β
þ tanϕ
tan β
−mγw tanϕ
γ tan β
ð3Þ
where c is the cohesion of the material, ϕ is the friction angle of the
material, γ is the unit weight of the material, γw is the unit weight of
water, β is the slope angle, t is the slope-normal thickness of the failure
surface, and m is the proportion of the failure block that is saturated
(m is equal to one for saturated conditions and zero for dry conditions).
At limit equilibrium, the critical acceleration is computed as:
ac ¼ FS−1ð Þsin β: ð4Þ
Fig. 6 shows that the values of ac(MC) using Eq. (1) are a lot lower that
the corresponding values obtained from the inﬁnite slope-based simu-
lations for the same variation in strength and slope inclination:
ac , InﬁniteSlope=1.6707ac , (MC)−0.0179. Similarly, Fig. 9 shows that ac,
InﬁniteSlope is almost 90% greater than ac(HB)for the same strength and
slope inclinations. This conﬁrms that the inﬁnite slope-based approach
greatly overestimates the ac values. We note that the equivalent MC
strength parameters used in the calculation of ac,InﬁnteSlopewere calculat-
ed for the rock mass HB parameters used in Fig. 9. We used, for thisFig. 6.Comparison between the predicted critical acceleration using theMC equations, the
inﬁnite slope equation, and the SLIDE results for ϕ=30° and c = 20 kPa at variable β.
Fig. 7. Example graph of the critical acceleration data plotted against σ ciγH for GSI= 20 and
mi = 25 and variable β.
58 A. Saade et al. / Engineering Geology 204 (2016) 53–64purpose, the Li et al. (2008) equations for calculating equivalent MC
parameters at slopes greater than 45°.
3.4. Discussion of the results
The overestimation of critical accelerations that result from the inﬁ-
nite slope model lead to an underestimation of the critical slopes sus-
ceptible to sliding. When the inﬁnite slope model is used in a regional
scale assessment of landslide hazard, the predicted displacement values
will be low, and thus the corresponding areas of hazard will be
underestimated. To address this issue, Dreyfus et al. (2013) studied
the effect of decreasing the strength parameters to obtain lower values
of ac and improve the accuracy of predicting landslide hazards using the
inﬁnite slopemodel. Our study shows thatmore reasonable estimates ofFig. 8. Example graphs for coefﬁcients C1(HB) and C2(HB) for GSI= 20.ac can be obtained using the proposed equations for any combination of
strength parameters, and thus, does not requirematerial strengths to be
artiﬁciallymodiﬁed. Instead, it allows the estimation of strength directly
from an engineering geologic description using the GSI classiﬁcation
system. We anticipate that for a regional scale assessment, one will
refer to the geologic descriptions that accompany the geologic maps
to estimate the GSI, mi, and σci parameters (Hoek et al., 2002; Marinos
et al., 2005). This would allow equivalentMC parameters to be calculat-
ed, using themost recent Li et al. (2008) equations, to obtain a complete
equivalent set of strength parameters (MC and HB) for each geologic
unit.
4. Procedure
The ﬂowchart in Fig. 10 summarizes the steps involved in the pro-
posed approach leading to the displacement and hazard predictions.
The dashed red arrows indicate that it is possible in some cases to ﬁrst
assign MC parameters using either geologic description or known
strength data, and then to back-calculate the equivalent HB strength pa-
rameters provided the combination of GSI-mi can be deﬁned. However,
this exercise should be done carefully, and the resulting σci should
remain within a reasonable range.
The calculation of ac over a region is done in theGIS framework using
digital elevation model (DEM) and geologic mapping datasets. Repre-
sentative HB and MC parameters and the unit weight of the material
are assigned to each geologic formation and raster calculations are per-
formed using the proposed equations (Eqs. (1) and (2)) to produce the
ac map.
Various empirical sliding displacement models are available based
on ground shaking information such as peak ground acceleration PGA,
arias intensity Ia, and peak ground velocity PGV. Dreyfus et al. (2013)
found that these displacement models do not signiﬁcantly affect the
analyses results. For our work, we adopt the Jibson (2007) equation
(Eq. (5)) for displacement prediction that is based on the peak ground
acceleration (PGA) values. The PGA map of the region should be avail-
able for the study region.
logDN ¼ 0:215þ log 1− acamax
 2:341 ac
amax
 −1:348" #
 0:510 ð5Þ
where DN is the displacement prediction in cm, ac is the critical ac-
celeration, amax is the peak or maximum ground acceleration. With a
coefﬁcient of correlation R (Ayalew and Yamagishi, 2005) equal to
84% and a standard deviation of±0.510, this equation reasonably
predicts the displacement values for a regional seismic landslide
hazard mapping.
Eq. (5) is then used to develop a co-seismic displacement map,
which serves as the basis for a hazardmap based on three displacement
ratings: 5 cm (low), 15 cm (moderate), and 30 cm (high), as have been
commonly used in the literature (Youd, 1980, Wilson and Keefer, 1983,
McCrink and Real, 1996, McCrink, 2001).
The authors note that the Jibson (2007) displacement equation is
grounded by Newmark's (1965) sliding block procedure. The sliding
block procedure assumes that permanent displacement initiates when
earthquake-induced inertial forces acting on a potential slidingmass ex-
ceed the yield resistance of the slip surface (Strenk andWartman, 2011,
Jibson et al., 2000). Although, traditionally, an inﬁnite slope model has
been assumed to represent a sliding mass and obtain the ac needed to
feed into the sliding block procedure, the sliding block analysis is
more abstract and is not necessarily limited to an inﬁnite slope model
or any kind of slope geometry for that matter (Wartman et al., 2003,
2005, Strenk and Wartman, 2011). Thus, the authors consider that the
Jibson (2007) displacement equation could be used to provide an
index measurement to be linked to a hazard level, independent of the
method used to calculate the ac value.
Table 4
List of equations for coefﬁcients C1(HB) and C2(HB) (β N 45°).
GSI mi Coefﬁcient C1(HB) Coefﬁcient C2(HB) Radjusted2
20 5 0.006tanβ2+0.0371tanβ+0.1971 0.0381tanβ2−0.5061tanβ+0.0724 0.99
10 0.0067tanβ2−0.0042tanβ+0.2046 0.0539tanβ2−0.439tanβ+0.2153 0.99
15 0.0144tanβ2−0.0489tanβ+0.2245 0.0384tanβ2−0.3437tanβ+0.2529 0.99
20 0.0147tanβ2−0.0618tanβ+0.2277 0.0531tanβ2−0.3681tanβ+0.3347 0.99
25 0.0212tanβ2−0.0902tanβ+0.2421 0.0386tanβ2−0.3106tanβ+0.3459 0.99
30
5 0.0007tanβ2+0.0625tanβ+0.2202 0.0588tanβ2−0.5682tanβ+0.1935 0.99
10 −0.0055tanβ2+0.0449tanβ+0.1938 0.0988tanβ2−0.6073tanβ+0.4377 0.99
15 0.0163tanβ2−0.05tanβ+0.2455 0.0384tanβ2−0.3535tanβ+0.3544 0.99
20 0.0212tanβ2−0.0773tanβ+0.2543 0.031tanβ2−0.3089tanβ+0.3879 0.99
25 0.0176tanβ2−0.0727tanβ+0.2431 0.0543tanβ2−0.3784tanβ+0.4844 0.99
40
5 −0.039tanβ2+0.2088tanβ+0.1739 0.1827tanβ2−1.0009tanβ+0.5576 0.99
10 0.0122tanβ2−0.0069tanβ+0.2723 0.0413tanβ2−0.4247tanβ+0.3742 0.99
15 0.013tanβ2−0.0312tanβ+0.2598 0.0547tanβ2−0.4251tanβ+0.4907 0.99
20 0.0166tanβ2−0.0506tanβ+0.2557 0.0516tanβ2−0.4066tanβ+0.5449 0.99
25 0.0202tanβ2−0.0703tanβ+0.2583 0.0484tanβ2−0.3868tanβ+0.578 0.99
50
5 −0.0334tanβ2+0.2509tanβ+0.1019 0.0823tanβ2−0.7175tanβ+0.5618 0.91
10 −0.0003tanβ2+0.0409tanβ+0.2973 0.0729tanβ2−0.5325tanβ+0.5258 0.98
15 0.0079tanβ2+0.002tanβ+0.2824 0.0631tanβ2−0.4883tanβ+0.6154 0.98
20 0.0209tanβ2−0.068tanβ+0.3175 0.0423tanβ2−0.3603tanβ+0.568 0.98
25 0.0128tanβ2−0.0456tanβ+0.2824 0.074tanβ2−0.458tanβ+0.686 0.98
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In the following section, we select the well-documented landslide
inventory of Harp and Jibson (1995, 1996) for the 1994 Northridge
earthquake in California to verify the proposed approach. The compre-
hensive landslide inventory and the availability of the data sets needed
for a regional analysis of the area represent a relatively suitable case.We
select the Val Verde quadrangle near Los Angeles to conduct our com-
parison because landslides were widespread and very abundant in
that area (Davis et al., 2002). We verify the proposed approach by qual-
itatively and quantitatively assessing the predictions against the actual
sliding locations. We also evaluate our predictions against those obtain-
ed from the traditional inﬁnite slope-based analysis using the geologic
strength parameters assigned in Jibson et al. (2000).
5.1. Qualitative and quantitative measures
Many regional co-seismic landslide hazard assessments exist for
Northridge, CA (Jibson et al., 2000; McCrink, 2001; Pradel et al., 2005;
Dreyfus et al., 2013). In all these studies, qualitative and quantitative
measures are used to evaluate the predictions against the existing land-
slide inventory. A qualitative measure reﬂects the degree of matching
through visual comparisons between the observed landslide occur-
rences and the predicted hazardmaps. A quantitativemeasure providesFig. 9. Comparison between the predicted critical acceleration using the HB equations, the
inﬁnite slope equation, and the SLIDE results for GSI = 20, mi = 25, σci=5 MPa and
variable β.metrics to assess the efﬁciency and accuracy of a speciﬁc analysis.
McCrink (2001) proposed the efﬁciency parameter which can quantita-
tively assess if an approach is predicting the actual landslide areas while
not inducing signiﬁcant falsely predicted landslide areas. The efﬁciency
is deﬁned as the difference between the percentages of ground failure
capture (GFC) and quadrangle covered (QC). The GFC represents the
area correctly predicted to slide divided by the total actual landslide
area. The QC is equal to the total area predicted to slide divided by the
total quadrangle area. The total accuracy of an approach was used by
Dreyfus et al. (2013). Accuracy considers all areas correctly predicted,
whether sliding or not. It is deﬁned as the sum of all areas correctly pre-
dicted divided by the total quadrangle area. These efﬁciency and accura-
cymeasures are used in this study to assess the proposed approach and
evaluate the results against the predictions of the inﬁnite slope-based
analysis.
5.2. Generation of the critical acceleration map
The 10-mDEMof the topography is rasterized at a 10-mgrid spacing
to produce the slope map, as shown in Fig. 11. The MC strength param-
eters adopted in Jibson et al. (2000) are used with the detailed
(1:24,000-scale) geologic map (Yerkes and Campbell, 1995). These pa-
rameters reﬂect the best estimate of the average strength of the outcrop
rock in the region. The corresponding HB parameters, needed in the
modiﬁed approach, are obtained through the back-calculation process
discussed earlier. We compiled the most accurate geologic descriptions
and assigned to each geologic formation the corresponding GSI index
and mi value, where applicable. Then, we back calculated the uncon-
ﬁned uniaxial compressive strength values σci based on the Li et al.
(2008) equations for equivalent parameters at slopes greater than 45°.
Table 5 summarizes the MC and HB strength parameters used in the
analysis to generate the ac map based on the proposed approach. Fig.
12 shows the susceptibility to seismically triggered landslides in terms
of ac for two highly susceptible zones; locations as indicated on Fig. 11.
5.3. Generation of the predicted displacement map
The 1.5-km-gridded ShakeMap data for the PGA of the Northridge
earthquake was downloaded and converted into a 10-m raster grid.
Having the ac and the amax maps, displacements were predicted using
Eq. (5). A cell is associated with sliding when the value of the predicted
displacement is greater than some threshold (Jibson et al., 1998; Jibson
et al., 2000; Rathje and Bray, 2000; Dreyfus et al., 2013). As commonly
adopted in co-seismic slope stability assessments (California
Fig. 10. Flow chart for steps involved in the proposed approach to obtain the displacement predictions (boxes in light red signify available data).
Fig. 11. Slope map for the entire ValVerde quadrangle.
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Table 5
Strength parameters assigned for Val Verde geologic units.
Period Epoch Unit name Label ϕ (°) c (kPa) GSI mi σci (MPa)
Quaternary
Holocene
Alluvial deposits Qa 34 16.8 – – –
Artiﬁcial ﬁll Qaf 34 16.8 – – –
Landslide deposits Qls 30 24 – – –
Young alluvial-fan deposits Qyf 34 16.8 – – –
Pleistocene
Old alluvial-fan deposits Qof – – – – –
Old alluvium Qoa 34 16.8 – – –
Saugus Formation QTs 34 19.2 30 20 0.58
Saugus (San Fracisquito clasts) QTss 34 19.2 30 20 0.58
Saugus (Pelona Schist clasts) QTsp 34 19.2 30 20 0.58
Neogene
Pliocene
Pico Formation Tp 32 24 20 5 5.03
Pico Formation (silt) Tps 30 24 20 5 4.28
Pico Formation (ss/cg) Tpc 34 24 20 5 5.97
Towsley Formation (ss/shale) Tw 34 26.3 30 15 1.08
Towsley Formation (shale) Tws 30 26.3 30 15 0.77
Towsley Formation (ss) Twc 34 26.3 30 15 1.08
Hasley Conglomerate Twhc 34 24 30 15 0.99
Towsley Formation Ttoc 34 24 30 15 0.99
Miocene
Castaic Formation (ss) Tcs 34 19.2 20 5 4.78
Castaic Formation Tc 34 19.2 20 5 4.78
Modelo Formation (shale) Tm 31 26.3 20 5 5.11
Modelo Formation (shale) Tmst 31 26.3 20 5 5.11
Modelo Formation (ss) Tm3 34 26.3 20 5 6.55
Modelo Formation (shale) Tm4 31 26.3 20 5 5.11
Sisquoc Formation (Modelo Others) Tsq NA NA
Monterey Formation Tmss 31 26.3 20 5 5.11
Monterey Formation Tm 31 26.3 20 5 5.11
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a threshold of 5 cm was considered. Fig. 13 shows the predicted dis-
placements for the entire Val Verde quadrangle overlying the geology
of the region. It should be noted that a lot of displacement is seen in
the Pico Formation. We highlight the outcome of the proposed analysis
in Fig. 14, for the two selected zones, to clearly show the degree of
match between the predicted and the actual locations.Fig. 12.Map showing susceptibility to seismically triggered landslides in the selected zones (lo
Slopes b10° are not analyzed.5.4. Evaluation of the predictions
Displacement values greater than 5 cm are compared to the loca-
tions of observed landslides inventory (Harp and Jibson, 1995, 1996).
Fig. 14 shows a signiﬁcant overlap of the predicted displacements
using the proposed analysis (in red) with the inventory of mapped
landslide locations (in light beige) for the two selected zones. Thecations shown in Fig. 11). Susceptibility is portrayed in terms of critical acceleration (ac).
Fig. 13.Map showing the predicted displacements (in red) over the entire Val Verde quadrangle overlying the geology map. Slopes b10° are not analyzed.
Fig. 14.Map showing in light beige the landslides triggered by the 1994 Northridge earthquake in parts of the ValVerde quadrangle (location shown in Figs. 11 and 13) overlain with the
predicted locations in red using the proposed approach.
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Table 6
Efﬁciency and accuracy of the proposed model compared to the inﬁnite slope model at a
displacement threshold of 5 cm.a
Proposed model Inﬁnite slope model
Correctly predicted sliding area (A) 0.370 0.057
Falsely predicted sliding area (B) 0.754 0.058
Total predicted sliding area (A+B) 1.122 0.115
Correctly predicted stable area (C) 110.532 111.228
Actual landslide area (D) 5.714
Total quadrangle area (E)b 117
Ground failure capture GFC ðADÞ(%) 6.440 0.998
Quadrangle covered QC ðAþBE Þ(%) 0.708 0.073
Efﬁciency
(GFC−QC) 5.732 0.925
AccuracyðAþCE Þ (%) 95% 95%
a All areas in Table 6 are reported in km2.
b Total quadrangle area excludes the area where the slope inclination is less than 10°.
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Fig. 15 for Zone 1. The inﬁnite slope-based analysis did not predict any
displacements in Zone 2, which is mostly formed of the Pico Formation.
This reinforces the observation we made earlier that the inﬁnite slope-
based analysis overestimates the critical accelerations, and thus results
in omitting a signiﬁcant number of the landslide occurrences.
In addition to the visual assessment, Table 6 shows a quantitative
comparison between the proposed and inﬁnite slope analyses for the
displacement threshold of 5 cm. The proposed model estimates a larger
sliding area (1.122 km2 as compared to 0.115 km2) and consequently
has a larger area of false predictions (0.754 km2 for the proposed
model versus 0.058 km2 for the inﬁnite slope model). Dreyfus et al.
(2013) explain that the area of false predictions is expected to increase
with the total area of predictions. Thus, the quantities in areas alone do
not reﬂect the prediction capabilities of a certain approach. We observe
that the accuracies of the proposed model and the inﬁnite slope model
are almost equal. However, the area correctly predicted to slide is signif-
icantly larger and the overall efﬁciency of the proposed model is better
than the traditional inﬁnite slope analysis (5.732% as compared to
0.925%).
6. Conclusion
Our model presents an improvement to the traditional approach
used in regional seismic landslide hazard assessment. The improved
model is not limited to a single mode of slope failure as traditionally as-
sumed in the inﬁnite slope-rigid block analysis. It allows the estimation
of shear strength parameters to be directly obtained from a good engi-
neering geology description. In order to account for material heteroge-
neity and to represent soil and rock surfaces, the Mohr−Coulomb
(MC) and theHoek−Brown (HB) failure criteria are adopted in the pro-
posed model. New equations are developed to calculate the criticalFig. 15. Map showing in light beige the landslides triggered by the 1994 Northridge
earthquake in Zone 1 (location showed on Figs. 11 and 13) overlain with the predicted
locations in blue using the inﬁnite slope-based analysis.horizontal seismic coefﬁcients for a seismic slope stability assessment.
A comparison is made between the outcome of the proposed analysis
and the existing detailed co-seismic landslide inventory pertaining to
the 1994 Northridge, CA earthquake. Comparisons are also made be-
tween the outcome of the proposed analysis and that of the inﬁnite
slope analysis. Qualitative assessment shows that potential sliding
areas are better predicted using the proposed modiﬁed approach. In
terms of quantitative measures, the efﬁciency of the proposed model
is higher than that of the inﬁnite slope model.Acknowledgements
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